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Abstract:  
 
Different cooling structures for cylinder head and block and the corresponding thermal status, thermal 
dissipation and frictional power dissipation were investigated in this study.  
In a conventional engine cooling configuration, the coolant flow travels from the block to the head, leading 
to the coolant temperature of the head being higher than that of block. Furthermore, the over-cooling 
problem in the block will occur because the cooling system is designed for the cooling requirements of the 
cylinder head without considering the cooling load of the block.  
This paper developed a 3D single cylinder model to analyse the influence of coolant flow direction and split 
structure cooling for the head and block. The analysis indicated that the top-bottom flow cooling structure 
can effectively reduce the cylinder head thermal load and slightly increase the temperature of the cylinder 
liner. The combined split and top-bottom cooling structure is proven as the optimal solution with the 
advantages of lower thermal and frictional power dissipation compared with that of the conventional 
cooling structure.  
Key words: Different cooling structures, Temperature status, 3D single cylinder engine model, Thermal and 
frictional power dissipation 
1. Introduction 
The growing concerns on energy crisis and environmental problems are raising the research attentions on 
energy saving and emission reduction technologies for Internal Combustion Engine (ICE) to improve the 
overall energy efficiency. Diesel engine convers less than 40% of the fuel energy into the effective power 
from the crankshaft and wasted the remaining fuel energy through the exhaust gas system and cooling 
system [1-5]. The heated components in ICE such as cylinder head requires to be used under high thermal 
stress conditions, which will increase the potential of components damage with the increase of combustion 
intensity [6, 7]. The development of alternative and advanced cooling system with precisely controllable 
strategies is quite important to replace the conventional engine cooling system.  
In conventional engine cooling system, the engine rotational speed determines the coolant pump speed and 
speed of radiator fan, which means the engine cooling load cannot be adjusted according to the thermal 
load under different working conditions. Some researchers conducted the investigation on intelligent cooling 
systems to achieve precisely controlling cooling strategies using smart controlling electrical components to 
replace the conventional components such as wax thermostat valve, mechanical water pump and radiator 
fan [8-14]. By adopting smart cooling controlling strategies engine warm-up time and CO2 emissions can be 
effectively reduced [8].  
In engine operational conditions, the thermal load of the cylinder head is higher than that of the block, but 
the coolant flow can only travel from the block to the head through the upper hole in traditional cooling 
system [5], which will lead to temperature of the cylinder head higher than that of the block. On the other 
hand, the coolant flow rate for ICE is designed based on the thermal limitations of the cylinder head, which 
requires a larger cooling intensity than that of block part, which will cause over cooling problem on the block. 
Therefore, advanced cooling system is desirable to avoid the over cooling problem on cylinder liner and 
potentially reduce the temperature field of the cylinder head. Considering the various cooling requirements 
of heated components, multiple cooling circuits can effectively control the temperature conditions in 
separately cooling circuits. Cipollone et al. [15]proposed a novel engine cooling sytem with two circuits 
including an HT (high temperature) circuit for the engine, EGR cooler, oil cooler, 1st stage inter-cooler and a 
LT (low temperature) circuit for the 2nd stage inter-cooler and A/C condenser. The two circuits cooling 
system can optimize the cooling demands of different heated components in ICE [15, 16]. Moreover, the two 
circuits cooling system can reduce the overall fuel consumption and simplify the front end model of the 
engine compartment [15, 16]. Kang et al. [17] studied on an engine smart cooling system with double loop 
coolant structure, which indicated the smart cooling system can effectively control the temperature of the 
cylinder head and block resulting in the reduction of fuel consumption and engine warm up time. Cipollone 
et al. studied two split coolant structure schemes for head and block cooling [18]. In these schemes, coolant 
flows from the cylinder head to the block and the valve between the water jackets of the cylinder head and 
the block was controlled to adjust the coolant flux, which can control the temperature of the cylinder head 
lower than that of the block with proper flow repartition [18]. For industrial application, a double circuit 
cooling system was launched in a Ford gasoline engine to independently control the component 
temperature by thermostat[19]. Results indicated the block temperature can be increased more quickly 
under a split cooling structure, and the friction between the liner and piston is reduced in cold running 
conditions [19]. 
 
However, the previously conducted researches all studied the mean temperature of the cylinder head and 
block at different cooling structures with 1D simulation model, which cannot represent the coolant flow 
conditions under different coolant flow directions or different coolant flux of the head and block cooling 
system. Furthermore, the temperature distribution and thermal stress of the heated components, thermal 
dissipation from the coolant and frictional power dissipation of the water jacket require to be further 
studied to understand the effects of different cooling structures. A 3D engine simulation model is therefore 
necessary to investigate the effect of different cooling structures on the thermal status of the heated 
components, thermal dissipation and frictional power dissipation. 
In this study, a 3D single cylinder engine model was built to study the temperature and thermal stress field 
of the cylinder head and liner. Moreover, the frictional power and thermal dissipation for different cooling 
structures under engine rated condition were analysed and compared in the following sections. Finally, the 
optimal cooling structure was further studied under various engine power outputs, which can be used as 
important references to conduct further study on the development of advanced cooling organization 
strategies for Internal Combustion Engine.  
Nomenclature 
T         temperature                                      1 
         thermal conductivity                                                      2 
h         convective heat transfer coefficient 3 
         rotating angle  4 
k         turbulence kinetic energy 5 
         turbulent dissipation rate   6 
c         thermal capacity of solid        7 
t         time   8 
         density   9 
         dynamic viscosity 10 
          kinematic viscosity 11 
F         body force 12 
         thermal dissipation function 13 
kG        turbulence kinetic energy induced by 14 
velocity difference 15 
bG         
turbulence kinetic energy induced by 16 
buoyancy 17 
c , 1c , 2c , 3c     empirical constant   18 
R        cylinder radius     19 
r         radius of r location     20 
S        piston stroke   21 
x        dimensionless radius    22 
D        cylinder bore 23 
u        velocity      24 
H        distance from piston location to TDC    25 
        dimensionless distance   26 
Q        coolant flux    27 
        flux proportion    28 
P        energy dissipation 29 
p        pressure  30 
        shear stress 31 
         Prandtl number  32 
 33 
Subscript 34 
w        wall                                           35 
g        gas                                            36 
c       coolant 37 
k        turbulence kinetic energy equation                  38 
        turbulent dissipation rate equation 39 
m        mean value                                    40 
r        r location  41 
        dimensionless distance                                      42 
f        frictional 43 
T        total                                          44 
H        cylinder head 45 
q
       mass flow rate 46 
v       volume flow rate 47 
p       node 48 
2 Mesh of a Single Cylinder Engine Model 49 
A six cylinder diesel fuelled engine was selected to be investigated in this study. The selected engine contains six 50 
separate cylinder heads with independent and identical cooling gallery structure. Because the coolant flow circuits in 51 
this engine are designed as cross-flow entrance as indicated in Figure 1, the six-cylinder engine can be simplified as a 52 
single cylinder engine to investigate the effects of different cooling organization strategies on the thermal conditions, 53 
frictional power and thermal dissipation of the heated components.  54 
 
Fig. 1. Coolant mesh of six-cylinder engine model 
 Fig. 2. Mesh of the single cylinder engine model 
 55 
The single cylinder engine model mainly includes the engine head, cylinder liner, engine cylinder block, engine seat 56 
and the cooling gallery, which has the similar structure and function of the six-cylinder engine as mentioned 57 
previously. The Mesh of the single cylinder engine model was generated by the software STAR-CCM+, which was 58 
produced by Computational Dynamics-Analysis & Design Application Company Ltd for CFD analysis[20]. The grid 59 
quantities of the single cylinder model can be found in Table 1. In order to achieve the fully developed inlet and 60 
outlet boundary conditions[21], the computational domain was extended as illustrated in the Figure 2.  61 
Table 1  62 
Grid quantities of the different regions 63 
Region Grid quantity 
Cylinder head 175250 
Liner 348543 
Block 410994 
Seat 16468 
Fluid 636362 
3 Numerical Simulation Model  64 
3.1 Heat transfer equations 65 
 66 
The solid region of the model adopts the steady heat conduction equation as described in Equation (1).  67 
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 68 
The fluid-solid interconnection to describe the interface between the fluid and solid region is defined based on the 69 
Fourier heat equation and the convective heat transfer control equation as illustrated in Equation (2).  70 
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 71 
3.2 Description of the Fluid Model 72 
The coolant can be recognized as incompressible fluid [22, 23], which can be described as the following continuity, 73 
momentum and energy equations.  74 
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 75 
The Reynolds-averaged Navier-Stokes equations and k-epsilon equation are adopted in this study for the numerical 76 
calculation.  77 
turbulence kinetic energy equation： 78 
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turbulent dissipation rate equation, where 2 /t C k    
79 
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 80 
The wall function method is used to describe the boundary layer, where turbulent is not suitable to be used in near 81 
wall region and the Reynolds number is too small to use standard k-epsilon equation. In the wall function method, 82 
+y is defined as dimensionless distance and 
+u is the dimensionless velocity. In this simulation model, the fluid field 83 
is obtained by SIMPLE algorithm and the second order upwind discretization method is used to iterate the governing 84 
equation. As the convergence criteria, the residual value of energy equation is set smaller than 10-6 and the residual 85 
value of the other equations is set smaller than 10-3. 86 
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3.3 Boundary Conditions and Physical Properties 87 
3.3.1 Thermal boundary conditions 88 
 
Fig. 3. 1D simulation for cylinder internal thermal boundary conditions 
 89 
The specific power and the rotational speed of the selected six-cylinder engine rated condition is 29.16 kW/L and 90 
1900 r/min, respectively, which leads to the Indicated Mean Effective Pressure at 18.41 MPa. The thermal boundary 91 
of the cylinder is using the third boundary condition, which obtains the values from a 1D combustion simulation 92 
model. The 1D engine model is built by the software AVL Boost, which is designed for the simulation of Internal 93 
combustion Engine [24]. The 1D engine simulation model built in AVL Boost is illustrated in Figure. 3 and the 94 
simulation results were verified by the experiments in the engine rated condition.  95 
 Fig. 4. Transient gas temperature and heat transfer coefficient in cylinder 
 96 
The 1D simulation engine model was used to generate the transient burned gas temperature and heat transfer 97 
coefficient (HTC) under different crankshaft angle as shown in Figure 4. The average gas temperature and HTC can 98 
therefore be calculated by the following equations 99 
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 100 
Considering the different spatial distribution of the HTC on the cylinder head fire face, the dimensionless 101 
equation was used to calculate the corresponding distribution of the Heat Transfer Coefficient according to the AVL 102 
data[24],  103 
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For the HTC distribution on the fire face of the cylinder liner [25], Hβ=
S
was defined as a dimensionless length in 104 
the distribution functions,  105 
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 106 
3.3.2 Coolant boundary conditions 107 
 
108 
 
Fig. 5. Simulation procedure
 
The boundary type of the inlet and outlet of the coolant is defined as Flux boundary and Flow split, respectively. 
109 
The coolant inlet flow rate and temperature are obtained from the engine thermal balance experiment of the six 
110 
cylinder engine. The integral procedure of the simulation model can therefore be established by using the defined 
111 
boundary conditions. The overall simulation process of the model can be illustrated as Figure 5. The detailed 
112 
boundary conditions of the single cylinder engine model can be found in Table 2.
  113 
Table 2 114 
Boundary conditions of the single cylinder engine model 115 
Boundary Boundary type Value 
Inlet of coolant Flux boundary Flow rate 1.1 kg/s; Temperature 353 K 
Outlet of coolant Flow split Flow split 
Wall of engine intake The third boundary condition 
Air charge temperature 337.7 K;  
HTC 196.3 W/(m2·K) 
Wall of engine exhaust The third boundary condition 
Exhaust temperature 823 K;  
HTC 668.5 W/(m2·K) 
Cylinder head oil gallery The third boundary condition 
Oil temperature 393 K;  
HTC 150 W/(m2·K) 
Outside surface of block The third boundary condition 
Ambient temperature 298 K;  
HTC 23 W/(m2·K) 
Fire face of cylinder head The third boundary condition 
Average burned gas temperature 1040.6 K;  
Average HTC 933.5 W/(m2·K) 
Fire face of liner The third boundary condition 
Average burned gas temperature 1040.6 K; 
Average HTC 933.5 W/(m2·K) 
 116 
3.3.3 Material properties 117 
 118 
The coolant used in the simulation model is pure water. Therefore, the density, specific heat, thermal conductivity 119 
and dynamic viscosity of the coolant is 971 kg/m3, 4195 J/(kg·K), 0.674 W/(m·K) and 0.0003551 N·s/m2, respectively. 120 
The material of the cylinder head and block is HT280 with the thermal conductivity at 47.2W/( m·K), when the 121 
ambient temperature is 293 K.  122 
3.4 Verification for the Simulation Model 123 
 124 
 
Fig.6. grid independence verification for the single cylinder model 
In order to reduce the software solving time and maintain the accuracy of the simulation model, the grid 125 
independence analysis was conducted in this study. The mesh of the single cylinder model was generated with eight 126 
different sizes. The quantities of the grid size 6 mm, 5 mm, 4 mm, 3 mm, 2 mm, 1.7 mm, 1.5 mm and 1.4 mm is 127 
506904, 677289, 830183, 1007301, 1587617, 2283083, 2836516 and 3206417, respectively. The coolant thermal 128 
dissipation of the engine was compared with eight different grid sizes and the results were plotted in Figure 6. The 129 
grid independence analysis indicated that the optimal grid size in this study is 2 mm, which can effectively be used in 130 
the 3D simulation model with similar accuracy of smaller size grid and saving the software solving time. 131 
 132 
The simulation results were verified by the experimental data of a six-cylinder Internal Combustion Engine, which is 133 
obtained from authors’ previous research work conducted in Department of Energy Engineering, Zhejiang University 134 
[26]. The temperature on the cylinder head fire face obtained from the 3D simulation model are compared with the 135 
experimental results, which shows good agreement between the simulation and experimental data as illustrated in 136 
Figure 7.   137 
 138 
 
Fig.7 Simulation and experimental temperature data comparison 
4. Results and Discussion 139 
4.1 Effect of Cooling Structures 140 
 141 
Four different cooling structures are investigated and compared in this study. Case A represents the conventional 142 
cooling structure. The top-bottom flow cooling organization arranged the inlet of the coolant on the cylinder head 143 
and the outlet of the coolant on the block so that the flow direction of the coolant can be top to bottom as 144 
illustrated in Figure 8 Case B. The split cooling structure requires two separate cooling galleries for the cylinder head 145 
and block with independent coolant pumps and control units. Case C and Case D in Figure 8 show the bottom-top 146 
and top-bottom split cooling structures. The simulation model was used to investigate the effect of the previously 147 
introduced four cooling structures on the thermal conditions of the heated component and thermal/frictional power 148 
dissipation of the cooling gallery.  149 
  150 
 
Fig.8 Schematic diagram of different cooling structures 
4.1.1 Effect of the Coolant Flow Direction-Comparison between Case A and Case B 151 
 152 
  
Case A Case B 
(a) Temperature field on the cylinder head fire face 
  
Case A Case B 
(b) thermal stress field on the cylinder head fire face 
Fig. 9. Effect of the coolant flow direction on the head fire face thermal condition 
 153 
The thermal status of the heated component under bottom-top (Case A) and top-bottom (Case B) are compared 154 
and analysed. The results obtained from the 3D engine simulation model are shown in Figure 9, which includes the 155 
temperature field and thermal stress field on the cylinder heat fire face of Case A and Case B. As indicated in Figure 9 156 
(a), when the coolant flow direction changes from bottom-top (Case A) to top-bottom (Case B), the temperature 157 
field of the cylinder head can be reduced. The temperature field of cylinder head and liner between Case A and Case 158 
B are obtained from the 3D engine simulation model and summarised in Table 3. Results indicated the highest 159 
temperature decrease can be as high as 9.49 K at the fire face of the cylinder head with the corresponding thermal 160 
stress decreases from 321.18 MPa to 311.26 MPa. By using top-bottom cooling structure the maximum temperature 161 
of the fire face of the cylinder liner is increased by 1.59K, which is within the operational temperature range of the 162 
cylinder liner material. In conclusion, compared with conventional cooling structure (Case A), the top-bottom cooling 163 
structure (Case B) can effectively improve the coolant temperature distribution of the cylinder head and liner.  164 
Table 3 165 
Comparison of the temperature field of cylinder head and liner between Case A and Case B 166 
 Case A Case B Change 
Mean temperature of the water jacket wall of the 
cylinder head 
356.84 355.58 Decreased by 1.26 K 
Mean temperature of the cylinder head 371.76 370.08 Decreased by 1.68 K 
Mean temperature on the fire face of the cylinder head 508.25 502.44 Decreased by 5.81 K 
Max temperature on the fire face of the cylinder head 572.97 563.48 Decreased by 9.49 K 
Mean temperature of the water jacket wall for the liner 351.30 356.43 Increased by 5.13 K 
Mean temperature of the liner 364.38 370.60 Increased by 6.22 K 
Mean temperature on the fire face of the liner 363.16 369.48 Increased by 6.32 K 
Max temperature on the fire face of the liner 494.93 496.52 Increased by 1.59 K 
 167 
  
Case A Case B 
(a) Coolant velocity stream line contours 
  
Case A Case B 
(b) Cylinder head coolant side HTC contours 
Fig. 10 Effect of the flow direction on the coolant condition and HTC 
 168 
The flow condition in the cooling gallery and the coolant Heat Transfer Coefficient (HTC) are shown in Figure 10. The 169 
maximum coolant flow speed was observed in the cooling gallery of the oil injector as indicated in Figure 10 (a) with 170 
the velocity at 5.83m/s in Case A and 6.88m/s in Case B. The results also indicated that coolant flow speed can be 171 
effectively improved at the location of the valve bridge of the cylinder head fire face when the top-bottom cooling 172 
structure (Case B) was used to replace the conventional cooling structure (Case A). The HTC analysis suggested the 173 
overall HTC value can be effectively improved by adopting top-bottom cooling structure (Case B) to replace 174 
conventional cooling structure (Case A). The maximum HTC value observed in the simulation results is 7443.7 W/m2K 175 
in Case A and 9710.0 W/m2K in Case B as shown in Figure 10 (b). The obtained maximum coolant flow speed and HTC 176 
value of Case A and Case B are plotted and compared in Figure 11 to illustrate the improvement by adopting 177 
top-bottom cooling structure.  178 
 
Fig. 11. Coolant flow speed and HTC comparison between case A and case B 
 179 
In summary, the flow distribution analysis of the cooling gallery of the cylinder head indicated that the top-bottom 180 
cooling structure can effectively force the coolant scour the bottom surface of the cooling gallery to the valve bridge 181 
of the cylinder head fire face, which leads the increase of turbulence degree, coolant flow speed and Reynolds 182 
number compared to that of Case A. The HTC value at the corresponding location is therefore increased, while the 183 
coolant temperature at the cylinder head is reduced. In the comparison with that of Case A, the increased HTC value 184 
and reduced coolant temperature in Case B lead to the reduction of the temperature field of the cylinder head fire 185 
face and the reduction of temperature gradient/thermal stress.  186 
 187 
4.1.2 Effect of Split Cooling Structure 188 
 189 
 
Fig 12. Split cooling gallery structure 
 190 
The split cooling structure has several modifications on the original cooling system, including seal the upper holes, 191 
add a coolant inlet at cylinder head cooling gallery and a coolant outlet at the block cooling gallery as indicated in 192 
Figure 12.  193 
 194 
In order to investigate the effects of split cooling structure on the temperature profile of the Internal Combustion 195 
Engine, various coolant flux distributions of the two separately coolant circuits of cylinder head and block were 196 
studied. The flux proportion was defined as the coolant flux of cylinder head HQ divided by the total coolant flux 197 
TQ  with the range from 0.1 to 0.9 as illustrated in Equation (15).  198 
H
T
Q
Q
   (14) 
 199 
The total coolant flux TQ  is set at 1.1 kg/s, which is the same as that in Case A. The comparison of the average and 200 
maximum temperature at the cylinder head and liner fire face of four different cooling structures under different 201 
split coolant flux can be found in Figure 13.  202 
 
(a) Average and maximum temperature of the cylinder head fire face 
 (b) Average and maximum temperature of the liner fire face 
Fig. 13. The head and liner fire face temperature variation 
 203 
As indicated in Figure 13 (a), the temperature field on the cylinder head decreases with the increase of flux 204 
proportion   in split cooling structures (Case C and Case D). When the flux proportion is higher than 0.8, the 205 
average and maximum temperatures on the cylinder head fire-face in Case C is lower than that of Case A, and the 206 
temperature field on the liner fire face is higher than that of Case A. However, the maximum temperature of the 207 
liner fire face can be as high as 561.16K, which is much higher than the conventional operation temperature of the 208 
liner material, when the flux proportion is set at 0.8. Therefore, the Case C cooling structure is not recommended as 209 
an alternative cooling structure to avoid the damage of cylinder liner.  210 
When the flux proportion is higher than 0.7, the average and maximum temperature on the cylinder head fire-face in 211 
case D is lower than that of case A. And the maximum temperature of liner fire face is slightly higher than that of 212 
case A when the flux proportion is higher than 0.8, while the temperature is still in the operational temperature 213 
range of the cylinder liner material. In conclusion, the results achieved in Figure 13 indicated that the optimal 214 
coolant flux proportion can be higher than 0.8 in case D, which can effectively achieve lower cylinder head 215 
temperature and slightly higher cylinder liner temperature.  216 
 217 
4.2 Evaluation of thermal and frictional power dissipation 218 
 219 
As mentioned above, an important portion of the combustion energy is dissipated from the coolant. In addition, 220 
power is consumed by coolant pump to overcome frictional resistance and used by cooling fan to dump the heat 221 
energy into the environment[27]. The reduced requirement of thermal dissipation from the coolant and the reduced 222 
friction power dissipation of the coolant fluid can save the power consumed by the coolant pump and cooling fan, 223 
respectively.  224 
As discussed previously, Case C is not recommended to be used because of the maximum temperature of the liner 225 
fire face is too high, which will increase the potential of damaging the cylinder liner material. Case A, Case B and 226 
Case D are therefore selected to evaluate the thermal and friction power dissipation. The coolant flux proportion of 227 
case D is set at 0.9, which is within the optimal operational region as illustrated in Figure 13.  228 
The thermal dissipation from the coolant cP and the friction power dissipation of coolant fP are calculated by the 229 
following equations.  230 
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Fig. 14. Thermal and frictional power dissipation comparison 
 232 
The comparison of the thermal and friction power dissipation for Case A, Case B and Case D under the coolant flux 233 
proportion at 0.9 is drawn in Figure 14. The cooling gallery thermal dissipation of Case A is 13.80 kW, while those of 234 
case B and case D are 13.61 kW and 13.13 kW, respectively. The power dissipation of Case A, Case B and Case D are 235 
27.66 W, 32.29 W and 21.47 W, respectively. 236 
The thermal dissipation of Case B is reduced by 1.37% and that of Case D is reduced by 4.86% compared with that of 237 
Case A. However, the requirement of overcoming the frictional power dissipation of Case B is increased by 16.74% 238 
compared with that of Case A, which means the top bottom cooling structure (Case B) requires higher pump power. 239 
The friction power dissipation of Case D can be reduced by 22.38% compared with that of Case A. Both the thermal 240 
dissipation from the coolant and the friction power dissipation of the coolant can be effectively reduced when Case 241 
D is used as an alternative cooling structure for the Internal Combustion Engine.  242 
As mentioned above, in the top-bottom cooling structure (Case B), the liner temperature can increase because of the 243 
higher coolant temperature for the liner compared to Case A. However, the increase is limited because the flux 244 
cannot be changed. By adopting the split cooling structure with top-bottom cooling structure (Case D), the flux for 245 
the cylinder liner can be controlled independently. Therefore the temperature field of the cylinder liner can be 246 
further increased by reduction the flux of the liner cooling circuit, which means the thermal power dissipation, can 247 
be less than that of Case B and Case A. By adopting the Case D cooling structure, not only the coolant fluxes for the 248 
cylinder head or the block can be reduced but also frictional power dissipation of the coolant can be reduced.   249 
In conclusion, Case D integrates the top-bottom cooling and split structure cooling structures with the advantage of 250 
relatively lower coolant temperature and higher heat transfer coefficient for the cylinder head fire-face and 251 
controllable flux proportion for both coolant circuits. The Case D is the optimal scheme within the four types of 252 
cooling structure with the benefits of low thermal loss, low friction power dissipation and optimal temperature field 253 
of the cylinder head and liner.  254 
4.3 Coolant Distribution of the Optimal Scheme 255 
 256 
In order to calculate the appropriate flux distribution in the optimal scheme at different combustion intensities and 257 
compare the cooling performance of the original and optimal organizations, the engine power output was increased 258 
by 5%, 10% and 15% to evaluate the difference. As shown in Figure 15, the maximum temperature of the cylinder 259 
head and liner fire-face increases with increasing output power, and the maximum temperature difference between 260 
the cylinder head and liner continues to increase as well, which means the thermal non-uniformity is intensified. 261 
 262 
 Fig. 15. Maximum temperature on the fire-face with increasing power output 
 263 
For the sake of adapting the increased power output, the coolant flux in the original cooling scheme (Case A) was 264 
increased to satisfy the cooling need of the cylinder head. The maximum temperature on the cylinder head fire face 265 
is set at 572.97 K as the benchmark. In the optimal scheme (Case D), the total coolant flux TQ  and the flux 266 
proportion   are controlled to maintain the maximum temperatures on the cylinder head and liner fire-face at  267 
572.97 K and 510.00 K, respectively.  268 
 269 
As illustrated in Figure 16, the relationship between the coolant flux and engine power output is not linearly related. 270 
The detailed values of the flux with the engine power output increase are summarised in Table 4. In optimal scheme 271 
(Case D), the flux proportion is also increased with the change of engine power output, which is caused by the 272 
increased temperature difference between the temperature of cylinder head and liner fir face.  273 
Table 4 274 
Cooling parameters of the original and optimal schemes with increasing power output 275 
Power output increasing 
ratio 
Coolant flux of the original 
scheme (kg/s) 
Optimal scheme (Case D) 
Total coolant flux (kg/s) Flux proportion   
0% 1.1 0.75 0.85 
5% 1.45 1.05 0.88 
10% 2.7 1.7 0.91 
 
Fig. 16. Coolant flux variation with increasing power output 
15% 9.5 5.3 0.95 
 276 
The optimal scheme can effectively reduce the coolant flux by 0.35 kg/s, 0.4 kg/s, 1 kg/s and 4.2 kg/s under different 277 
engine power output as listed in Table 4, which will also leads the reduction of frictional power dissipation consumed 278 
by the coolant pump. The changes of friction power dissipation can then be calculated by Equation (16). The 279 
calculated results indicated that the friction power dissipation fP can be reduced by as high as 36.41%, 41.14%, 280 
57.80% and 65.95% under the four selected engine power output conditions compared with that of the original 281 
scheme. On the other hand, the thermal dissipation of the optimal scheme can be reduced by 6.59%, 8.24%, 4.92% 282 
and 4.13% under the engine power output increasing ratio from 0%, 5%, 10% and 15%, respectively. The detailed 283 
thermal dissipation values can be found in Figure 17.  284 
 285 
 
Fig. 17. Thermal dissipation under different engine power output increasing ratio 
 286 
5. Conclusions 287 
 288 
In this study, the effects of four different cooling structures for Internal Combustion Engine were reported. A 3D 289 
single cylinder engine simulation model was built in the software Starccm+ in order to predict the temperature 290 
status of the Internal Combustion Engine under different cooling structures. The conclusions drawn from this study 291 
can be summarised as 292 
1. The analysis and comparison between bottom-top cooling structure (Case A) and top-bottom cooling structure 293 
indicate that the Case B can effectively cool down the cylinder head and maintain the temperature of cylinder head 294 
lower than that of the cylinder liner, which meets the cooling intensity need for the head and liner. By using the 295 
top-bottom cooling structure, the coolant can scour the bottom surface of the cooling gallery close to the valve 296 
bridge. The mean temperature of the cylinder head can be reduced by 1.68 K and the mean temperature on the fire 297 
face of the cylinder head can be decreased by 5.81 K at the engine rated condition, which can potentially reduce the 298 
thermal stress of the engine cylinder head to extend the component life time. Moreover, the maximum heat transfer 299 
coefficient obtained at the cylinder head is improved from 7443.7 W/m2K in Case A and 9710.0 W/m2K in Case B.  300 
2. The split cooling structure can separately control the flux of the cylinder head and block to meet various cooling 301 
requirements. The bottom-top split cooling structure (Case C) is not recommended to be used because this type of 302 
cooling structure will lead to too high temperature at cylinder liner fire face, which is not preferred for the 303 
application in Internal Combustion Engine. The top-bottom split cooling structure (Case D) is identified as the 304 
optimal solution with the advantages of better thermal condition of the cylinder head and liner, 4.86% lower thermal 305 
dissipation from the coolant and 22.38% lower frictional dissipation, which means the power consumed by the 306 
cooling pump and fan can be effectively reduced.  307 
3. The evaluation of coolant distribution of the optimal scheme (Case D) under different engine power output 308 
increasing ratio (0%, 5%, 10% and 15%) indicates the flux proportion   increases with the increase of power 309 
output. When the engine power output is increased by 15%, the coolant flux of the optimal scheme can be 44.21% 310 
lower than that of the original scheme while the thermal and frictional power dissipation can be reduced by 65.95% 311 
and 4.13%, respectively.  312 
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